Glycine is a major inhibitory neurotransmitter in the spinal cord and brainstem. Recently, in vivo analysis of glycinergic synaptic transmission has been pursued in zebrafi sh using molecular genetics. An ENU mutagenesis screen identifi ed two behavioral mutants that are defective in glycinergic synaptic transmission. Zebrafi sh bandoneon (beo) mutants have a defect in glrbb, one of the duplicated glycine receptor (GlyR) β subunit genes. These mutants exhibit a loss of glycinergic synaptic transmission due to a lack of synaptic aggregation of GlyRs. Due to the consequent loss of reciprocal inhibition of motor circuits between the two sides of the spinal cord, motor neurons activate simultaneously on both sides resulting in bilateral contraction of axial muscles of beo mutants, eliciting the so-called 'accordion' phenotype. Similar defects in GlyR subunit genes have been observed in several mammals and are the basis for human hyperekplexia/startle disease. By contrast, zebrafi sh shocked (sho) mutants have a defect in slc6a9, encoding GlyT1, a glycine transporter that is expressed by astroglial cells surrounding the glycinergic synapse in the hindbrain and spinal cord. GlyT1 mediates rapid uptake of glycine from the synaptic cleft, terminating synaptic transmission. In zebrafi sh sho mutants, there appears to be elevated extracellular glycine resulting in persistent inhibition of postsynaptic neurons and subsequent reduced motility, causing the 'twitch-once' phenotype. We review current knowledge regarding zebrafi sh 'accordion' and 'twitch-once' mutants, including beo and sho, and report the identifi cation of a new α2 subunit that revises the phylogeny of zebrafi sh GlyRs.
clear, although GlyR α3 is clearly linked to infl ammatory pain pathways (Harvey et al., 2004) . Glycine also binds to the NR1 subunit of the NMDA receptor, acting as an essential coagonist for excitatory synaptic transmission mediated by glutamate (Johnson and Ascher, 1987; Moriyoshi et al., 1991; Kuryatov et al., 1994) . Glycine can also activate the NR3B-containing NMDA receptor in the absence of L-glutamate in heterologous expression systems (Chatterton et al., 2002) . However, the in vivo physiological signifi cance of glycinemediated excitatory synaptic transmission is unclear.
Two glycine transporters (GlyTs) also regulate glycinergic synaptic transmission (Eulenburg et al., 2005) . GlyTs are thought to take up glycine from the synaptic cleft to terminate glycine-mediated synaptic transmission (GlyT1) and resupply glycine to glycinergic presynaptic terminals (GlyT2). Mouse models of GlyT1 dysfunction exhibit severe motor defi cits accompanied by lethargy, hypotonia and hyporesponsivity, and die within 6-14 h after birth as a result of respiratory failure, although wasting and dehydration caused by an inability to suckle may also play a role (Gomeza et al., 2003a; Tsai et al., 2004) . Curiously, these symptoms resemble glycine encephalopathy, a disease associated with disruption of the mitochondrial glycine cleavage system, which degrades excess glycine (Applegarth and Toone, 2006) . Mutations in the GlyT2 gene cause startle disease/hyperekplexia in humans and congenital muscular dystonia type 2 (CMD2) in cattle (Rees et al., 2006; Charlier et al., 2008; 
INTRODUCTION
Glycine receptors (GlyRs) and GABA A receptors are pentameric ligand-gated chloride channels (reviewed in Moss and Smart, 2001 ) that mediate inhibitory synaptic transmission. In the vertebrate CNS, GABAergic synaptic transmission is mainly used in the brain, while glycinergic synaptic transmission operates in the brainstem and spinal cord to regulate motor systems. Although GlyRs are found in all vertebrates and perhaps selected invertebrates (Kehoe et al., 2009) , mammalian GlyRs have been studied most extensively. Inherited defects in genes encoding the major adult α1β GlyR causes startle disease/hyperekplexia in humans, characterized by noise or touchinduced seizures that result in muscle stiffness and life-threatening neonatal apnea episodes (Sament and Schwartz, 1957; Kirstein and Silfverskiold, 1958; Bakker et al., 2006; Harvey et al., 2008) . The biological roles of GlyRs containing the α2, α3 and α4 subunits are less Defective glycinergic synaptic transmission in zebrafi sh motility mutants by 1996 (Driever et al., 1996; Haffter et al., 1996) . These screens used chemical mutagens and identifi ed more than 4,000 mutants to kick-start large-scale mutagenesis analysis of a vertebrate embryo. The advent of the zebrafi sh genome sequencing project in 2001 1 has greatly improved the molecular identifi cation of chemically-induced mutations. Retrovirus-and transposon-mediated gene disruption was also developed to generate zebrafi sh mutants in a systematic manner (Lin et al., 1994; Gaiano et al., 1996a,b; Amsterdam et al., 1999 Amsterdam et al., , 2004 Kawakami et al., 2000 Kawakami et al., , 2004 Golling et al., 2002; Sivasubbu et al., 2006; . In addition to these forward genetic approaches, targeting-induced local lesion in genome, combining ENU mutagenesis with large-scale exon sequencing has made it possible to inactivate selected zebrafi sh genes (Wienholds et al., 2002) . More recently, a gene-targeting technique using designed sequencespecifi c zinc-fi nger proteins has been demonstrated to be effective in disrupting key genes in zebrafi sh (Doyon et al., 2008; Meng et al., 2008) . Genes can also be knocked down during embryonic stages by the injection of antisense morpholino oligonucleotides into recently fertilized embryos (Nasevicius and Ekker, 2000) . These highly stable oligonucleotides can effectively block translation or splicing of a target mRNA to interfere with gene function in vivo. Splice-site morpholinos have the major advantage that their effi cacy can be monitored by RT-PCR.
Transgenesis is also a powerful tool for analysis of development and gene function in zebrafi sh. The fi rst zebrafi sh transgenic lines were generated by injection of DNA into embryos (Stuart et al., 1988 (Stuart et al., , 1990 Culp et al., 1991; Bayer and Campos-Ortega, 1992) . Transgenic zebrafi sh exhibiting cell-specifi c or inducible gene expression have proven extremely useful for in vivo analysis of gene function and developmental processes (Higashijima et al., 1997; Long et al., 1997; Halloran et al., 2000) . More recently, virus-and transposon-mediated transgenesis methods have greatly improved the effi ciency of generating transgenic zebrafi sh (Davidson et al., 2003; Kawakami et al., 2004; Ellingsen et al., 2005; Sivasubbu et al., 2006; Kwan et al., 2007; Villefranc et al., 2007) . The increased efficiency has signifi cantly enhanced the application of powerful controlled expression methods such as the Gal4/UAS system (Scheer and Campos-Ortega, 1999; Inbal et al., 2006; Scott et al., 2007; Asakawa et al., 2008; Halpern et al., 2008) .
Recent technical advances make zebrafi sh an attractive complement to invertebrate systems such as C. elegans and Drosophila on the one hand and the transgenic, knockout and knock-in mice on the other. Indeed, zebrafi sh mutant and transgenic embryos are useful for in vivo high-throughput chemical screening, thereby enabling discovery of novel pharmaceutical reagents that may be useful for mitigating human diseases (Peterson et al., 2000 (Peterson et al., , 2004 Stern et al., 2005) .
DEVELOPMENT OF LOCOMOTION BEHAVIOR IN ZEBRAFISH
Zebrafi sh exhibit three distinct behaviors during embryogenesis; spontaneous coiling, touch-evoked escape contractions and swimming. Spontaneous coiling appears after 17 hours postfertilization (hpf) and consists of side-to-side alternating contractions of the axial muscles in the trunk and tail ( Figure 1A ; Saint-Amant and Drapeau, 1998; Downes and Granato, 2006; Pietri et al., 2009) .
Intensive examination of the small freshwater fi sh, zebrafi sh, has occurred in the past several decades due to the optical clarity and accessibility of zebrafi sh embryos and amenability to genetic strategies (Streisinger et al., 1981; Eisen et al., 1986; Driever et al., 1996; Haffter et al., 1996) . These studies have enhanced our understanding of the in vivo function of genes involved in the regulation of glycinergic synaptic transmission. Two zebrafi sh mutations, one defective in GlyR function (bandoneon) and the other in GlyT1 function (shocked), were isolated from behavioral mutagenesis screens Cui et al., 2004 Cui et al., , 2005 Luna et al., 2004; Hirata et al., 2005; Masino and Fetcho, 2005; Mongeon et al., 2008) . Importantly, these zebrafi sh mutants show physiological and behavioral defects similar to non-human mammalian mutants as well as humans with startle disease and glycine encephalopathy. Thus, zebrafi sh mutants serve as attractive vertebrate models for childhood neurological disorders. In this review, we discuss the history of the zebrafi sh mutants bandoneon and shocked and report the identifi cation of new GlyR cDNA sequences that revise the phylogeny of zebrafi sh GlyRs.
ADVANTAGES OF ZEBRAFISH AS A MODEL ORGANISM
Zebrafi sh (Danio rerio) have several advantages for the analysis of vertebrate development (Grunwald and Eisen, 2002) . First, raising zebrafi sh is easy. A pair of adult zebrafi sh can generate 100-200 fertilized eggs in a single spawn. The generation time is 3 months, which is comparable to other vertebrate models such as mice. It is neither expensive nor diffi cult to maintain thousands of zebrafi sh in a laboratory. Second, all stages of development occur externally and rapidly, with most organs formed by 5 days of fertilization (Kimmel et al., 1995) . The fast pace of development allows one to analyze development in living zebrafi sh. Third, the embryos are transparent, which makes them amenable for live imaging of individual cells deep within the body such as neurons in the brain. In fact, a number of transgenic zebrafi sh that express GFP (green fl uorescent protein), RFP (red fl uorescent protein) or calcium indicators under control of tissue-specifi c, Gal4-inducible or stress-inducible promoters has been generated to visually monitor the development of tissues and stress response as well as neuronal activity (Amsterdam et al., 1995; Peters et al., 1995; Higashijima et al., 1997 Higashijima et al., , 2003 Long et al., 1997; Scheer and Campos-Ortega, 1999; Halloran et al., 2000) . Fourth, the electrophysiological activity of neurons and muscles in zebrafi sh embryos can be recorded using standard current-clamp and voltage-clamp methods (Prugh et al., 1982; Grunwald et al., 1988; Legendre and Korn, 1995; Drapeau et al., 1999; Fetcho, 2007) . Using these methods, the properties of neural circuits that underlie the earliest zebrafi sh behaviors are beginning to be clarifi ed (Legendre and Korn, 1994; Ribera and Nüsslein-Volhard, 1998; Neuhauss et al., 1999; Ono et al., 2001; Saint-Amant and Drapeau, 2001; Sidi et al., 2003; Kimura et al., 2006; McLean et al., 2007; Tanimoto et al., 2009) .
The aforementioned advantages make the zebrafi sh an excellent system for examining vertebrate development. However, it is the genetic manipulability of zebrafi sh that has attracted the most attention of biologists (Grunwald and Eisen, 2002; Amsterdam and Hopkins, 2006) . Methods for mutagenesis of zebrafi sh were established in the early 1990's (Mullins et al., 1994) with two large-scale mutant screens completed in Tübingen, Germany and Boston, USA is comparable with the frequency in adult zebrafi sh (Buss and Drapeau, 2001) . Although spinalized embryos transected between somites 5-7 respond to touch with an initial tail fl ip, swimming does not follow the initial response in most cases (Downes and Granato, 2006) . Thus, it appears that the spinal cord can initiate a touch response, but that supraspinal input is necessary for swimming.
FORWARD GENETICS TO IDENTIFY ZEBRAFISH MUTANTS SHOWING MOTILITY DEFECTS
Since zebrafi sh embryos display organized behaviors within the fi rst several days of development, behavioral mutagenesis screens are an effi cient way to isolate mutants that have defects in the formation and function of neural circuits, including neuronal excitability and synaptic transmission. In the Tübingen screen, Granato and his colleagues reported 166 mutants that showed defective motility at 48-60 hpf . Mutations that induced obvious developmental defects such as abnormal morphology and increased degeneration were eliminated, since they would also lead to defective responses. Some of the behavioral mutations were linked to muscle defects by simple visual inspection of muscle striation using polarized light. The actin-myosin structure of normal muscle fi bers resulted in birefringence (double refraction) when viewed this way, while muscles with defective actin-myosin organization resulted in decreased birefringence (Felsenfeld et al., 1990) . Indeed, mutations in dystrophin, laminin, titin, Hsp90 and the cognate cochaperone Unc45b were identifi ed in this manner (Bassett et al., 2003; Etard et al., 2007; Hall et al., 2007; Steffen et al., 2007; Hawkins et al., 2008; Guyon et al., 2009) . Several other muscle mutations exhibited defects in excitation-contraction (EC) coupling or muscle structure that resembled human myopathies (Schredelseker et al., 2005 (Schredelseker et al., , 2009 Zhou et al., 2006; Hirata et al., 2007; Dowling et al., 2009) . Since some of these zebrafi sh mutants exhibit muscle degeneration similar to human diseases, they could be useful for the biological and therapeutic analysis of these diseases (Kunkel et al., 2006; Lieschke and Currie, 2007) . This relatively slow coiling is independent of sensory stimulation, with the frequency of spontaneous coiling peaking at 0.3∼1 Hz at 19 hpf and gradually declining to less than 0.1 Hz by 26 hpf. Thus, locomotor circuits are functional as early as 17 hpf. Interestingly, the isolated trunk and tail following transections between somites 5 and 7 also displays spontaneous coiling with a similar time course and frequency compared to intact embryos (Downes and Granato, 2006) . However, transections removing the fi rst 10 somites eliminate all spontaneous activity (Pietri et al., 2009) . These experiments suggest that the neural network triggering spontaneous coiling is located in the rostral spinal cord between somites 5 and 10.
After 21 hpf, zebrafi sh embryos respond to touch with escape contractions that typically consists of two to three rapid, alternating contractions of the tail, with muscles contralateral to the side of tactile stimulation contracting fi rst to turn the embryo away from the stimulus (Figure 1B ; Saint-Amant and Drapeau, 1998; Hirata et al., 2005) . Head and yolk stimulation activates trigeminal sensory neurons (Drapeau et al., 2002) , whereas trunk and tail stimulation activates Rohon-Beard neurons, which are primary sensory neurons located within the spinal cord and hindbrain of embryonic fi sh and amphibians. Thus, the neural circuitry responsible for locomotor responses to external stimuli is functional shortly after the appearance of spontaneous coiling. Applying tactile stimuli to spinalized embryos, which were transected rostral to somite 1, evokes the normal touch response (Pietri et al., 2009 ). By contrast, transections at more caudal locations (somites 1-10) result in progressively weaker responses in progressively caudal locations (Downes and Granato, 2006; Pietri et al., 2009 ). Thus, the rostral hindbrain is necessary for the full touch-evoked escape response. It has also been reported that the touch response is dependent on AMPA-type glutamate receptor activation (Pietri et al., 2009) .
By 28 hpf, tactile stimulation initiates swimming ( Figure 1D ; Saint-Amant and Drapeau, 1998 Among the 166 motility mutations isolated from the Tübingen screen, 103 mutants displayed normal birefringence suggesting impairments in the nervous system, neuromuscular junction (NMJ) or functional components of muscle such as EC coupling. These mutants have been further classifi ed into several classes by their responses to touch such as no response, normal but reduced response, vigorous but abnormal response, or simultaneous, bilateral contractions. The latter were named 'accordion' class mutants (Table 1) , because they respond to tactile stimulation with apparent simultaneous, bilateral contractions of axial muscles, resulting in shortening of the body rather than the normal alternating contractions. Molecular genetic studies have revealed that the 'accordion' phenotype can arise from numerous distinct mechanisms. For example, accordion (acc) mutants have slow muscle relaxation due to defective clearance of cytosolic Ca 2+ caused by mutations in atp2a1, encoding the sarcoplasmic reticulum Ca 2+ -ATPase SERCA1, resulting in overlap of contractions by axial muscles on the two sides of mutant fi sh Hirata et al., 2004) . Other 'accordion' class mutants show defects in cholinergic transmission, such as zeihharmonika (zim) which harbors either missense or nonsense mutations in ache, encoding acetylcholinesterase (Behra et al., 2002; Downes and Granato, 2004) and bajan (baj) which harbors a splice acceptor site mutation in chat, encoding choline acetyltransferase (Wang et al., 2008) . By contrast, diwanka (diw) mutants show defective primary motoneuron pathfi nding as a result of nonsense mutations in plod3, encoding the procollagen lysine 2-oxoglutarate 5-dioygenase 3 (Zeller and Granato, 1999; Zeller et al., 2002; Schneider and Granato, 2006) .
Simultaneous contraction of antagonistic muscles was also attributable to bilateral activation of motor neurons caused by impaired reciprocal inhibition in glrbb, encoding one of two zebrafi sh GlyR β subunits ( Figure 1C ; Hirata et al., 2005) . Thus, defects in muscle Ca 2+ storage, cholinergic transmission, motor projection and glycinergic transmission lead to very similar phenotypes in zebrafi sh embyros. Two additional 'accordion' class mutants, expander (exp) and quetschkommode (que) remain to be characterized ( Table 1 ; Granato et al., 1996) , and it will be intriguing to determine whether the underlying defects fi t into one or other of the functional classes above. In order to distinguish between neuronal and muscle defects, one approach is to record the electrophysiological responses of muscles to sensory stimulation (Figure 2A) . The output of the nervous system and status of the NMJ can be assayed by membrane potential and voltage-clamp recordings following tactile stimulation of zebrafi sh embryos. For example, recordings from the muscles of accordion (atp2a1) mutants show normal rhythmic activity corresponding to fi ctive swimming, indicating that the nervous system is unaffected in accordion (Figures 2B,C ; Hirata et al., 2004) . However, highly aberrant, arrhythmic responses can be recorded from the muscles of bandoneon (glrbb) larvae, demonstrating that the nervous system output is defective in these mutants ( Figure 2D ; Hirata et al., 2005) .
Additional touch-insensitive mutants from the Tübingen screen, such as alligator (ali), macho (mao) and steifftier (ste), have defects in the excitability of sensory Rohon-Beard neurons Ribera and Nüsslein-Volhard, 1998; Gnuegge et al., 2001; Pineda et al., 2005) . Although the genes responsible for these mutations have not yet been identifi ed, these mutants show reduced Na + current amplitudes. By contrast, the zebrafi sh twitch twice (twt) mutant showing an aberrant unidirectional startle response was found to harbor nonsense mutations in robo3, encoding roundabout 3, a Slit ligand receptor essential for Mauthner cell axon guidance (Burgess et al., 2009) . Unsurprisingly, other mutations that affect axon outgrowth also exhibit abnormal behavior (Zeller and Granato, 1999; Zhang and Granato, 2000; Zhang et al., 2004; Schneider and Granato, 2006; Palaisa and Granato, 2007; Tanaka et al., 2007) . For example, the mutant unplugged (unp) is defective in muscle-specifi c receptor tyrosine kinase (MuSK) and exhibits A 48 hpf embryo is pinned on a dish. The skin is peeled off. ligand-binding α and structural β subunits (Grenningloh et al., 1987 (Grenningloh et al., , 1990a Langosch et al., 1988) , the latter contain a binding site for gephyrin, a multifunctional cytoplasmic linker protein that clusters αβ GlyRs at synapses (Kirsch et al., 1993; Meyer et al., 1995; Feng et al., 1998; Kim et al., 2006) . Four α subunit genes (GLRA1, GLRA2, GLRA3 and GLRA4) and a single β subunit gene (GLRB) have been identifi ed in mammals (Grenningloh et al., 1987 (Grenningloh et al., , 1990a Kuhse et al., 1990 Kuhse et al., , 1991 Akagi et al., 1991) . In humans, however, GLRA4 is a pseudogene. Several variants are also created by alternative splicing and RNA editing (Meier et al., 2005) , which may modify functional properties such as agonist specifi city, affi nity and desensitization kinetics. In zebrafi sh, four GlyR α subunits (αZ1, αZ2, αZ3 and αZ4) and two β subunits genes (βa (= βZ) and βb encoded by glrba and glrbb, respectively; Table 3 ) were initially reported (DavidWatine et al., 1999; Imboden et al., 2001a,b,c; Hirata et al., 2005) . Phylogenetic analysis suggested that αZ1, αZ3 and αZ4 showed high sequence similarity to the mammalian GlyR α1, α3 and α4 subunits, respectively (Imboden et al., 2001a) , and were referred to as zebrafi sh GlyR α1, GlyR α3, and GlyR α4 (Figures 3A,C,D) .
defective initial outgrowth of motor axons (Lefebvre et al., 2007; Jing et al., 2009 ). Other behavioral mutants exhibiting decreased synaptic transmission and clustering of nAChRs at the NMJ have also been identifi ed including nicotinic receptor (nic) and sofa potato (sop) which harbor mutations in the nAChR α and δ subunit genes, respectively. By contrast, mutants unp and twitch-once (two) have mutations in the genes encoding MuSK and the AChR clustering factor rapsyn, respectively Sepich et al., 1998; Ono et al., 2001 Ono et al., , 2002 Ono et al., , 2004 Saint-Amant et al., 2008) . Curiously, another mutant in the 'twitch-once' class of motility mutants , shocked (sho), was recently shown to result from mutations in slc6a9 encoding GlyT1 ( Table 2 ; Cui et al., 2005; Mongeon et al., 2008) . Once again, this highlights that central nervous system and muscle defects can result in phenocopying in zebrafi sh.
ZEBRAFISH GLYCINE RECEPTOR GENES
Inhibitory GlyRs belong to a superfamily of ligand-gated ion channels that includes nAChRs, serotonin (5HT 3 ) receptors and GABA A receptors (Lynch, 2004) . GlyRs are heteromultimers consisting of 
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A sequence reported as αZ2 was originally thought to encode a GlyR α2 subunit (Imboden et al., 2001b) , but Imboden and colleagues subsequently reclassifi ed this protein as a second α4 subunit based on a more detailed phylogenetic analysis (Imboden et al., 2001a) . Thus, αZ2 was renamed α4a, and αZ4 was renamed α4b and the genes were renamed glra4a and glra4b, respectively. The existence of two distinct orthologs of a mammalian gene is not uncommon in the zebrafi sh genome, due to the suspected duplication of the whole genome during fi sh evolution (Amores et al., 1998) . Using the most recent zebrafi sh genome assembly Zv8 2 , we identifi ed a novel zebrafi sh GlyR α subunit gene on chromosome 9 that is likely to encode α2 based on our own phylogenetic and sequence analysis (GenBank GQ406228; Figure 3B ). We also amplifi ed new zebrafi sh cDNAs encoding the correct N-terminus of α4a, containing a cleavable signal peptide sequence (GenBank GQ406229), which may explain why the originally isolated α4a (αΖ2) required the signal peptide of α1 in functional expression experiments (Imboden et al., 2001b) . Therefore, zebrafi sh have fi ve α subunit (glra1, glra2, glra3, glra4a and glra4b) and two β subunit (glrba and glrbb) genes (Figures 3A-E) . As well as considering overall sequence identity and similarity, we considered other diagnostic criteria in our assignment of orthologs. 3a and 3b are typically alternatively spliced in the mouse, rat and human GlyR α2 transcripts. But, RT-PCR and genome analysis suggests that zebrafi sh glra2, glra4a and glra4b do not show alternative splicing of exon 3. However, examining diagnostic residues in the M1-M3 domains proved more useful. The second residue in M2 (also called the 2' residue) is typically glycine in GlyR α1/α4 and alanine in GlyR α2/α3 subunits. This residue has been suggested to infl uence the conductance of GlyR channels (Bormann et al., 1993) and picrotoxin/picrotin blockade Yang et al., 2007) . From this point of view, our revised orthology appears to be more accurate, since the zebrafi sh GlyR α2 subunit has an alanine residue at the 2' position, whereas both zebrafi sh GlyR α4 subunits harbor a glycine residue at this position. However, assuming orthology based on sequence identity alone is unwise, and it is also important to consider patterns of gene expression. Hindbrain neurons likely to be reticulospinal interneurons and spinal neurons express both glra1 and glra4a by 24 hpf (Imboden et al., 2001a; Hirata et al., 2005; McDearmid et al., 2006) but glra4a was lost by 48 hpf. By contrast, Imboden and colleagues showed robust expression of glra4a at 52 hpf in the olfactory pits, mesencephalon, rhombencephalon and somites (Imboden et al., 2001a) . However, glra4b expression appears to be restricted to the retina in 52 hpf embryos (Imboden et al., 2001a) and the expression patterns of glra2 and glra3 remain to be determined. Interestingly, glrbb is also expressed by reticulospinal and spinal neurons by 24 hpf, while glrba is not expressed in zebrafi sh until 72 hpf . Thus, whilst some data appear contradictory, it is likely that early embryonic GlyRs have the capacity to be heteromeric, with GlyR βa and GlyR βb forming different heteromeric GlyRs based on developmental expression profi les, and the apparent lack of compensation shown in bandoneon (beo).
DEFECTIVE GlyR CLUSTERING IN BANDONEON
In the Tübingen screen, seven alleles of the 'accordion' class beo mutation (tp221, tw38f, ta86d, ta92, tm115, tf242 and tu230) were isolated ; Table 1 ) and named after the South American accordion-like instrument. From our behavioral screen, we generated another allele (mi106a) and showed that it results from missense and nonsense mutations in glrbb, encoding the GlyR βb subunit . As mentioned previously, at 24 hpf wild-type embryos responded to touch with multiple coils of the body, which was achieved by alternating trunk contractions ( Figure 1B) . By contrast, beo mutants displayed simultaneous contraction of the bilateral axial muscles that resulted in a dorsal fl exure and shortening of the body following a tactile stimulation ( Figure 1C) . Later, when wild-type embryos swam in response to touch, beo mutants contracted the trunk muscle simultaneously on both sides and failed to swim in response to touch. Although beo mutants exhibited an abnormal tactile response, spontaneous coiling was not affected. In addition to behavioral perturbation, beo mutants exhibited secondary morphological defects in the notochord and axial muscles that were common to zebrafi sh behavioral mutants showing excessive contraction of the musculature (Hirata et al., 2004; Lefebvre et al., 2004) . In fact, suppression of motor behavior either by a sodium channel inhibitor (tricaine) or a muscle myosin inhibitor (N-benzyl-p-toluene sulfonamide) prevented the morphological perturbations of mutant muscle. The beo larvae typically died at 7 days postfertilization (dpf), presumably due to their inability to swim and feed effectively, but cumulative notochord damage may have also contributed to lethality.
Alternation of muscle contractions on the left and the right side of animals requires reciprocal inhibition between left and right sides of the hindbrain and spinal cord (reviewed in Grillner, 2003) . Disruption of this inhibition can lead to simultaneous activation of bilateral motor neurons and thus simultaneous muscle contractions on both sides. Normally, tactile stimulation delivered to one side of the body leads to contraction of the contralateral side followed by contraction of the ipsilateral side. To see whether bilateral muscles are simultaneously activated in beo, we measured the latency of muscle depolarization following mechanosensory stimulation to the contralateral side and the ipsilateral side. We found that in wild-type muscles, contralateral tactile stimulation results in a muscle response 25 ms faster than ipsilateral stimulation, corresponding to initial touch-induced activation of contralateral muscles followed by ipsilateral muscles ( Figure 4A) . By contrast, the latencies of response to ipsilateral and contralateral stimulation are comparable in beo, indicating that tactile stimulation activates both contralateral and ipsilateral muscles simultaneously. Thus, reciprocal inhibition appears to be defi cient in beo.
Examination of glycinergic synaptic transmission in beo by patch-clamp recordings of motor neurons showed that glycinergic, but not glutamatergic synaptic transmission was absent in beo ( Figure 4B) . Concordantly, immunolabeling with an anti-GlyR α antibody confi rmed that GlyRs were not clustered in beo spinal cord as they were in wild-type zebrafi sh. Interestingly, application of exogenous glycine directly onto motor neurons elicited currents in beo motor neurons, suggesting that non-clustered extrasynaptic GlyRs, which may represent homomeric α subunit GlyRs, existed in beo mutants ( Figure 4C) . In fact, fetal extrasynaptic GlyRs were thought to be homopentamers of GlyR α2 in rodents (Becker et al., 1988; Malosio et al., 1991; Watanabe and Akagi, 1995) . Taken together, these results demonstrated that the GlyR βb subunit was required for synaptic aggregation of GlyRs, corroborating previous fi ndings showing that GlyR β interacted with gephyrin (Meyer et al., 1995; Sola et al., 2004; Kim et al., 2006) a multifunctional cytoplasmic protein that is crucial for the synaptic localization of GlyRs (Kirsch et al., 1993; Feng et al., 1998) . The synaptic GlyRs that were eliminated in beo could contain either GlyR α1 or α4a, since the corresponding genes appeared to be expressed by hindbrain and spinal neurons during early development. Antisense knockdown of GlyR α4a (but not GlyR α1) reduced glycinergic synaptic transmission and disrupted activity of circuits underlying swimming (McDearmid et al., 2006) , suggesting that the early synaptic GlyRs could be α4a/βb heteromers. A complication in this study was that GlyR α4a was referred to as α2 based upon the initial designation of this cDNA as αZ2 (Imboden et al., 2001a,b) . The behavioral phenotype associated with α1 and α4a knockdown was not reported, and the translation blocking α4a morpholino used in these studies also caused a reduction in the number of spinal interneurones (McDearmid et al., 2006 ), a phenotype not examined in beo . However, the sequences of multiple ESTs and our own αZ4a cDNA cloning suggested that the domain and its neighboring loops are dominant mutations, whereas most point mutations in the N-terminal extracellular domain and M3-M4 intracellular loop are recessive. Missense and nonsense mutations in GLRA1 that lead to exaggerated startle refl exes are also found in spontaneous and induced mouse mutants and bovine congenital myoclonus (Gundlach et al., 1988; Buckwalter et al., 1994; Ryan et al., 1994; Pierce et al., 2001; Holland et al., 2006; Traka et al., 2006) . To date, no mutations in the other functional GlyR α subunit genes (GLRA2 and GLRA3) have been reported, but in one family compound heterozygous mutations in GLRB were associated with hyperekplexia (Rees et al., 2002) . Similarly in mice, GlyR β hypomorphs (due to a LINE1 transposable element insertion causing mis-splicing of Glrb transcripts) also exhibit abnormal startle responses (Becker et al., 1992; Kingsmore et al., 1994; Mülhardt et al., 1994; Hartenstein et al., 1996) . α4a morpholino used by McDearmid et al. (2006) may have been directed against a mis-spliced intronic sequence upstream of glra4a exon 2. This does not preclude gene knockdown by interference with glra4a splicing, but further studies with other GlyR-directed morpholinos may be warranted to uncover the exact biological roles of the zebrafi sh GlyR genes.
In humans defects in glycinergic synaptic transmission lead to hyperekplexia. Hyperekplexia is a rare neurological syndrome that is characterized by an exaggerated startle response accompanied by transient muscle rigidity in response to unexpected acoustic or tactile stimuli (Gastaut, 1967; Bakker et al., 2006) . More than 20 distinct missense mutations and several nonsense and frameshift mutations have been identifi ed in the GlyR α1 subunit gene (GLRA1) to date (Shiang et al., 1993; Bakker, 2006; Harvey et al., 2008) . Most missense mutations in the second membrane-spanning the weaker sho te301 mutants recover by around 4-5 dpf (Mongeon et al., 2008) , suggesting that there is a degree of compensation for the loss of functional GlyT1 in zebrafi sh.
The effects of the loss of GlyT1 function on the nervous system and/or muscles were examined by electrophysiology. Voltage recordings from muscle of wild-type embryos show sustained episodes of rhythmic depolarizations corresponding to swimming following tactile stimulation, whereas sho muscle responds with one or two short, arrhythmic depolarizations corresponding to the uncoordinated 'twitch-once' muscle contractions exhibited by sho mutants (Figures 5A,B ; Cui et al., 2004) . Similarly, wildtype spinal motor neurons respond to touch with a long burst of action potentials, while sho motor neurons responded with only a short burst. Thus, the nervous system output of the CNS is aberrant in sho, signifying that the loss of GlyT1 disturbs the CNS function at glycinergic synapses . Interestingly, the sho mutants also exhibit aberrant electrical coupling between axial muscle fi bers at 3 dpf (Luna et al., 2004) , but this may be a secondary consequence of the CNS defects, since GlyT1 is not expressed in muscle. If the defect in CNS signaling in sho is attributable to increased extracellular glycine levels in the synaptic cleft due to the loss of GlyT1 function, one would expect normal responses to be restored in mutants when excess glycine is washed out. To examine this possibility, the hindbrain, which contains many of the neurons mediating responses to tactile stimulation, was exposed to various solutions by perfusion following removal of dorsal roof of the fourth ventricle and responses to tactile stimulation assayed by muscle recordings . When mutants were perfused with glycine-free solution, they respond with normal swimming behavior ( Figure 5C ) and this functional recovery is inhibited by addition of exogenous glycine ( Figure 5D ). Furthermore, sho mutants are more sensitive to the deleterious effects of exogenous glycine on touch-induced swimming compared to wild-type fi sh (Mongeon et al., 2008) . Thus, the putative increase in extracellular glycine due to the loss of GlyT1 is likely to mediate aberrant signaling within the mutant CNS.
One presumption of these perfusion experiments was that extracellular glycine levels were high in the synaptic cleft of sho mutants. This excess glycine is predicted to lead to increased inhibition of neurons receiving glycinergic inputs. If this presumption is correct, then blocking glycinergic inhibition should ameliorate the effects of high glycine in sho mutants. In fact, application of low concentrations of strychnine to sho mutants led to partial recovery of spontaneous coiling in 21 hpf embryos and normal swimming responses in older (40-46 hpf) embryos . However, the partially recovered response might also be attributed to increased excitatory transmission via NMDA receptors in sho mutants. Taken together, it appears that the defective signaling in sho is consistent with abnormally high glycine in the synaptic cleft.
GlyT1 knockout mice showed many features that resembled those exhibited by zebrafi sh sho mutants, most notably motor defi cits including those involving respiratory neural circuits (Gomeza et al., 2003a; Tsai et al., 2004) . Recordings of spontaneous neuronal activity from hypoglossal motor neurons revealed that inspiratory cycling of the respiratory network of the brain stem was nearly eliminated in GlyT1 mutant mice. Much like The mutations underlying three alleles of beo have been identifi ed to date ; Table 1 ). In the tp221 allele, a nonsense mutation (Y79X) is predicted to cause truncation of GlyR βb. By contrast, in tw38f and mi106a, missense mutations L255R and R275H, respectively, were found in the fi rst membrane-spanning domain (M1) and in the intracellular loop between the fi rst (M1) and second (M2) membrane-spanning domains. The R275H mutation in zebrafi sh GlyR βb affects a highly conserved arginine residue prior to M2 and in fact in human GlyR α1, the corresponding mutation R252H is known to accelerate degradation of GlyR α1 (Rea et al., 2002) , suggesting that mi106a mutation is a hypomorph of GlyR βb. Characterization of the remaining beo alleles is underway, and may reveal key residues of involved in the function of GlyR βb.
GLYCINE TRANSPORTER 1 (GlyT1) DEFECTS IN SHOCKED
Glycine transporters are 12 membrane-spanning domain proteins that belong to Na + /Cl --dependent transporter superfamily. In vertebrates, two glycine transporters, GlyT1 and GlyT2, mediate the uptake of glycine from the extracellular space to the cytosol driven by an electrogenic gradient (Eulenburg et al., 2005) . GlyT1 is enriched in astrocytes and some excitatory neurons, whereas GlyT2 is enriched in inhibitory glycinergic neurons (Adams et al., 1995; Zafra et al., 1995; Jursky and Nelson, 1996; Cubelos et al., 2005) . At glycinergic synapses, astroglial GlyT1 is thought to clear glycine from the synaptic cleft, so terminating neurotransmission. Since glycine serves both as ligand for GlyR activation and as a coagonist and possibly primary ligand for NMDA receptors (Johnson and Ascher, 1987; Kuryatov et al., 1994; Chatterton et al., 2002) , GlyT1 regulates both inhibitory and excitatory synaptic transmission. By contrast, GlyT2 is localized to presynaptic terminals of glycinergic neurons and is essential for glycine reuptake, replenishing the pool of releasable transmitter (Zafra et al., 1995; Gomeza et al., 2003b; Mahendrasingam et al., 2003) .
Zebrafi sh sho mutants fail to initiate swimming following tactile stimulation at 3 dpf Cui et al., 2004; Luna et al., 2004) . This phenotype is caused by missense mutations in slc6a9, which encodes GlyT1 Mongeon et al., 2008) . The ta229g allele, which displays the strongest phenotype, results from a G81D missense mutation in the second membrane-spanning domain. Expression of the recombinant zGlyT1 G81D mutant in Xenopus oocytes revealed that GlyT1 function is abolished by this mutation . The milder te301 allele harbors a C305Y missense mutation that is located next to a deduced glycine-binding residue in the pore-forming sixth membrane-spanning domain (Yamashita et al., 2005; Rees et al., 2006; Harvey et al., 2008; Mongeon et al., 2008) . Both sho mutant alleles display severely compromised tactile-induced locomotion and the frequency of spontaneous coiling is reduced. Tactile stimuli do not evoke escape contractions in sho mutants at 24 hpf, unlike wild-type siblings. At later stages, when tactile stimuli induce swimming in wild-type fi sh, sho mutants respond with a few uncoordinated trunk contractions (or not at all) and do not display typical swimming behavior. While sho ta229g mutants normally die within 2 weeks of development, importantly they can be maintained to adulthood by careful feeding. These adult sho the palliative effect of low concentration strychnine on the swimming circuit of zebrafi sh sho mutants, normal rhythmic activity was restored in hypoglossal motor neurons upon application of low strychnine to brainstem slices from GlyT1 knockout mice. Furthermore, voltage-clamp analyses of hypoglossal neurons were consistent with an increase in extracellular glycine. Thus, the neural defects seen in GlyT1-defi cient mice are also likely to be due to increased levels of synaptic glycine, leading to suppression of neural networks. So far, no human GlyT1 defects have been associated with any disease. However, GlyT1 dysfunction has been suggested to play a possible role in glycine encephalopathy (Gomeza et al., 2003a; Harvey et al., 2008) , as well as the psychiatric disorder schizophrenia (Freedman, 2003; Tsai et al., 2004) , where NMDA receptor hypofunction is suspected. GlyT1 inhibitors elicit activation of NMDA receptors by increasing synaptic glycine levels, thus accelerating the co-agonist action of glycine may be useful pharmacological tools to mitigate some features of schizophrenia (Le Pen et al., 2003) . However, whether sequence variations in the GlyT1 gene (SLC6A9) are linked to glycine encephalopathy or schizophrenia and whether GlyT1 inhibitors are useful pharmacotherapies remains to be determined. Interestingly, SNPs in the human GlyT1 gene were recently proposed to be associated with methamphetamine-use disorder (Morita et al., 2008; Bousman et al., 2009 ). Animal models are clearly required for investigating the biological roles of GlyT1 and for the identifi cation of therapeutic agents for treatment of human disorders related to GlyT1. In this respect, mouse GlyT1 knockouts may be less than ideal, since they die on the day of birth (Gomeza et al., 2003a; Tsai et al., 2004) , whereas zebrafi sh sho mutants are accessible and viable.
CONCLUDING REMARKS
Zebrafi sh bandoneon and shocked mutants are useful models for understanding of glycinergic synaptic transmission and for clarifying the biological consequences of gene disruption that impinge upon glycinergic signaling in vivo. Furthermore, future analysis of other zebrafi sh mutations may reveal new insights. For example, two 'accordion' class mutants (que and exp) remain to be analyzed in depth, as well as the crazy fi sh mutant techno trousers (tnt). Although these mutants have been suggested to harbor defects in glycinergic transmission because they exhibit exaggerated startle responses in response to touch , history has taught us that there are several potential phenocopies of glycinergic defects. Equally, it is unclear why defects in glra1 (encoding GlyR α1) and slc6a5 (encoding GlyT2) were not uncovered in mutagenesis screens to date, since these are highly mutable genes in other species . Importantly, the genetic, developmental, and physiological accessibility of zebrafi sh make them useful animal models of human syndromes such as hyperekplexia. Small molecule screens using zebrafi sh mutants have successfully identifi ed several drugs that ameliorate mutant phenotypes (Peterson et al., 2004; Stern et al., 2005) . Such screens using zebrafi sh sho mutants have identifi ed several compounds that mitigate the impairment of touch response (Hirata, unpublished) . Future comparative and integrative studies using a variety of organisms including zebrafi sh with defects in glycinergic transmission are a promising strategy for a comprehensive understanding and development of pharmaceutical agents for human diseases defective in glycinergic synaptic transmission.
